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PREFACE 
The t r a d i t i o n a l  view o f  w a t e r  q u a l i t y  management i n  a  r i v e r  
b a s i n  concerns  i t s e l f  w i t h  de t e rmin ing  an o p t i m a l  a l l o c a t i o n  o f  
c a p i t a l  inves tment  i n  f a c i l i t i e s  f o r  s t o r a g e  and t r e a t m e n t  o f  w a t e r  
and was tewate r .  I f  t h e s e  i nves tmen t s  do n o t  p e r m i t  t h e  d e s i r e d  
w a t e r  q u a l i t y  s t a n d a r d s  t o  b e  ach ieved ,  it i s  u s u a l  t o  q u e s t i o n ,  
f o r  example, whe ther  t h e  t r e a t m e n t  p l a n t  c o n f i g u r a t i o n  was c o r r e c t -  
l y  des igned  i n  t h e  f i r s t  p l a c e  w i t h  t h e  a p p r o p r i a t e  contaminant  
removal t e c h n o l o g i e s .  I t  i s  n o t  common p r a c t i c e  a t  t h e  "des ign"  
s t a g e  o f  w a t e r  q u a l i t y  management t o  c o n s i d e r  how t h e  sys tem w i l l  
perform a t  t h e  " o p e r a t i o n a l "  s t a g e  o f  management. N e i t h e r  is  it 
customary,  when s t a n d a r d s  are n o t  m e t ,  t o  a s k  whe ther  t h e  des ign /  
o p e r a t i o n a l  r equ i r emen t s  a r e  i ncompa t ib l e ,  and t o  e n q u i r e  whether  
s t a n d a r d s  cou ld  n o t  i n  f a c t  be ach ieved ,  i f  t h e  sys tem w e r e  t o  
be o p e r a t e d  more e f f e c t i v e l y .  
About f i v e  o r  s i x  y e a r s  ago t h e  f i r s t  few a r t i c l e s  on r i v e r  w a t e r  
q u a l i t y  c o n t r o l  began t o  appea r  i n  t h e  l i t e r a t u r e  o f  c o n t r o l  t h e o r y .  
I t  has  been a r e l a t i v e l y  e a s y  e x e r c i s e  t o  show t h a t ,  i n  p r i n c i p l e ,  
many a s p e c t s  o f  r i v e r  w a t e r  q u a l i t y  - better t o  s a y ,  r i v e r  wa t e r  
q u a l i t y  models - a r e  amenable t o  t h e  t e chn iques  o f  r e a l - t i m e  
c o n t r o l  sys tem s y n t h e s i s .  But  t h a t  does n o t  r e s o l v e  t h e  major 
p r a c t i c a l  i s s u e s  o f  day-to-day o p e r a t i o n  i n  w a t e r  q u a l i t y  manage- 
ment. Thus, more r e c e n t l y ,  it has  been e v i d e n t  t h a t  o n - l i n e  
i n s t r u m e n t a t i o n  and e s p e c i a l l y  t h e  u s e  o f  t h e  i n f o r m a t i o n  s o  
d e r i v e d  f o r  management d e c i s i o n s ,  is  r e c e i v i n g  more d e t a i l e d  a t t e n -  
t i o n .  Again, i n  p r i n c i p l e ,  a l g o r i t h m s  are a v a i l a b l e  f o r  r e a l -  
t i m e  e s t i m a t i o n ,  f o r e c a s t i n g ,  and a s s o c i a t e d  o n - l i n e  d a t a  a n a l y s i s .  
I t  h a s  a l s o  been d u l y  r e c o g n i s e d ,  i n  view o f  t h e  l a c k  o f  o p e r a t i n g  
f l e x i b i l i t y  i n  p o l l u t a n t  removal u n i t  p r o c e s s e s ,  t h a t  f o r  r i v e r  
w a t e r  q u a l i t y  c o n t r o l  t h e  s t o r a g e  and man ipu l a t i on  o f  f lows ,  be 
t h e y  sewage d i s c h a r g e s ,  s t r e a m  d i s c h a r g e s ,  o r  f lows  r o u t e d  through 
t r e a t m e n t  p l a n t s ,  i s  v i t a l l y  impor t an t .  But t h e s e  c o n s i d e r a t i o n s  
do n o t  r e s o l v e  t h e  i s s u e s  o f  whether  r e a l - t i m e  f o r e c a s t i n g  and 
c o n t r o l  a r e  d e s i r a b l e ,  i n e v i t a b l e ,  o r  nece s sa ry .  
Th i s  paper  t a k e s  a n o t h e r  s t e p  backwards from t h e  o r i g i n a l  c o n t r o l  
t h e o r e t i c  approaches  t o  r i v e r  w a t e r  q u a l i t y  c o n t r o l  I t  i s  
a p p a r e n t ,  f o r  . i n s t a n c e ,  t h a t  laws,  economics and i n s t i t u t i o n s  a l l  
p a r t l y  de t e rmine  t h e  n a t u r e  o f  t e c h n o l o g i c a l  i n n o v a t i o n  i n  t h e  
w a t e r  and wastewater  i n d u s t r i e s .  Tha t ,  t h e n ,  i s  t h e  more "macro- 
s c o p i c "  environment i n  which t h e  paper  examines t h e  r e l evanc e  o f  
real-time f o r e c a s t i n g  and c o n t r o l  t o  r i v e r  w a t e r  q u a l i t y  manage- 
ment. I t  would be of  g r e a t  b e n e f i t  t o  t h e  a u t h o r  i f  t h e  r e a d e r  
would be generous  enough t o  o f f e r  h i s  cri t icisms o f  t h e  d i s c u s s i o n .  
I n  t h i s  way t h e  arguments w i l l  become c l e a r e r ,  more r e l e v a n t  and 
more c ohe ren t .  
This  paper was o r i g i n a l l y  prepared under t h e  t i t l e  "Modelling 
f o r  Management" f o r  p r e s e n t a t i o n  a t  a  Nate r  Research Cent re  
(U.K. ) Conference on "River  P o l l u t i o n  Con t ro l " ,  Oxford, 
9 - 1 1  A s r i l ,  1979. 
1 .  INTRODUCTION 
The terms "management" and " r i v e r  p o l l u t i o n  c o n t r o l "  can be i n t e r -  
p r e t e d  i n  s e v e r a l  ways. There a r e  s o c i a l ,  l e g a l ,  economic, and 
eng inee r ing  views on how t o  manage t h e  q u a l i t y  of  ou r  water  r e -  
sources .  Among t h e s e  views, views which may indeed  be c o n f l i c t i n g ,  
t h e  m a j o r i t y  would a g r e e  t h a t  t h e  development of  mathematical  
models f o r  water  q u a l i t y  management i s  b e s t  approached from t h e  
domain of  eng inee r ing  and t h e  p h y s i c a l  s c i ences .  However, t h e  
r e s u l t s  subsequent ly  o b t a i n e d  from t h e  models s o  developed w i l l  
f r e q u e n t l y  be a p p l i e d  t o  t h e  e v a l u a t i o n  of  c o s t s  and l e g a l  o r  
p u b l i c  h e a l t h  s t a n d a r d s .  F u r t h e r ,  one can expec t  t h a t  from t h e  
beginning i n s t i t u t i o n a l  arrangements and economic o b j e c t i v e s  would 
i n f l u e n c e  t h e  n a t u r e  of  t h e  model developed f o r  a s s i s t i n g  t h e  so lu-  
t i o n  of t h e  p a r t i c u l a r  management problem. And u l t i m a t e l y  t h e  pre-  
v a i l i n g  p o l i t i c a l  and economic atmosphere w i l l  determine  whether 
a c t i o n  i s  t aken  which i s  consequent upon t h e  g u i d e l i n e s  provided 
by t h e  a p p l i c a t i o n  of t h e  model. A s  ZumBrunnen ( 1 9 7 8 )  has  observed ,  
it i s  naive  t o  imagine t h a t  t h e  most e f f i c i e n t  and economic p i e c e  
of  technology w i l l  be innovated i f  t h e r e  i s  n o t  s u f f i c i e n t  incen- 
t i v e  o r  inducement f o r  t h a t  dev ice  t o  be i n s t a l l e d ,  ope ra t ed  and 
maintained.  
~t i s  t h u s  imposs ib le  t o  ignore  economic c o n s i d e r a t i o n s  and i n s t i -  
t u t i o n a l  arrangements when apply ing  mathematical  models t o  water  
q u a l i t y  management. The problem i s  c l e a r l y  n o t  p u r e l y  a t e c h n i c a l  
problem. The predominant a t t i t u d e  towards models f o r  water  a u a l i t y  
management has  been t h a t  t h e  model should,  among o t h e r  t h i n g s ,  
a s s i s t  i n  sc reen ing  t h e  informat ion  r e q u i r e d  t o  make t h e  c o r r e c t  
long-term c a p i t a l  investment  i n  new and expanded f a c i l i t i e s  for 
wate r  and wastewater t r e a t m e n t ,  f o r  low-flow augmentation,  and f o r  
a r t i f i c i a l  in-stream a e r a t i o n  (Loucks, 1978) .  There i s  ample ev i -  
dence of t h i s  a t t i t u d e  i n  t h e  l i t e r a t u r e ,  f o r  example Deininger 
(1975) ,  Spofford  e t  a 1  (1976) ,  Anglian Water Au thor i ty  (1977) ,  
Warn (1978) ,  Davies and Lozanskiy (1978) ,  That t h i s  should be t h e  
case  i s  q u i t e  c o n s i s t e n t  w i t h  much of present-day needs and p r a c t i c e :  
w e  should n o t  t a l k  about  i n c e n t i v e s  t o  o p e r a t e  a  d e v i c e  adequate ly  
if t h a t  d e v i c e  has  n o t  y e t  been i n s t a l l e d  nor  even adequate ly  de- 
veloped. But t h e  problem of water  q u a l i t y  management i s  n o t  merely 
a. problem of economics. 
I n  t h i s  paper  it w i l l  be argued that  t o  promote c o n s t r u c t i o n  of 
f a c i l i t i e s  I n  t h e  long-term b u t  t o  ignore  subsequent  shor t - te rm 
o p e r a t i o n a l  p o l i c i e s  f o r  t h o s e  f a c i l i t i e s  i s  n o t  good p r a c t i c e .  
Moreover, i n  t e r m s  of  economics a lone  it i s  simply n o t  s u f f i c i e n t  
t o  say t h a t  t h e  c o s t - b e n e f i t  f u n c t i o n  has  been minimised f o r  t h e  
chosen investment  programme i f  one of t h e ' m a j o r  t e c h n i c a l  o p t i o n s ,  
r ea l - t ime  f o r e c a s t i n g  and c o n t r o l ,  has n o t  been inc luded  i n  t h e  
minimisat ion procedure.  The s u b j e c t  of models f o r  day-to-day man- 
agement and c o n t r o l  w i l l  be t h e  concern of t h e  paper .  A specula-  
t i o n ,  t h e r e f o r e ,  i s  o f f e r e d ,  O f  couse,  such  s p e c u l a t i o n  f r e e s  u s  
from the burdensome c o n s t r a h t s  o f  pragmatism. But should massive 
investment  be committed f o r  2 5  y e a r s  hence i f  some of  t h i s  expen- 
d i t u r e  could have been avoided 10 y e a r s  hence by t h e  innovat ion  of 
on- l ine  c o n t r o l ?  This  i s  a m a t t e r  of a d a p t i v e  water  q u a l i t y  man- 
agement; of being a b l e  t o  keep many o p t i o n s  open; of  be ing  a b l e  t o  
respond w i t h  f l e x i b i l i t y  t o  new developments. There i s  no sugges- 
t i o n  t h a t  r ea l - t ime  c o n t r o l  has  t o  be necessary ;  t h i s  remains t o  be 
-
seen.  But perhaps now i s  an a p p r o p r i a t e  t i m e  t o  cons ide r  t h e  pos- 
s i b i l i t i e s .  
2. WATER QUALITY MANAGEMENT, AND TECHNOLOGICAL INNOT7ATIOM 
We have already mentioned that legal, economic, and institutional 
arrangements for water quality management have a profound effect 
on the technical solutions to problems of water pollution. We must 
first consult these legal and institutional matters in order to 
establish how they might determine different locations at which 
pressure is applied for different types of technological innovation. 
There are two types of technological development and innovation 
which will be of particular, 'though not exclusive, interest: on- 
line data acquisition and communication facilities; and on-line 
data processing, including mathematical models. 
Figure . I identifies four "pressure groups" : 
(i) The application of effluent discharge standards (ES); 
(ii) The competition for land use (LU) ; 
(iii) Considerations of public health (PH); 
(iv) The application of in-stream water quality standards (SS). 
Four "technical sectors" are in addition defined as: 
(i) Wastewater treatment (FTWT) ; 
(ii) Surface and groundwater storage, i. e. regulating reser- 
voirs and conjunctive use of aquifers (SGS); 
(iii) Water purification for potable supply, including bankside 
storage (14PS) ; 
(iv) Artificial in-stream aeration facilities (AIA) . 
Lastly, we have four categories of "primary required technologyu 
under the headings: 
(i) Wastewater treatment plant instrumentation and control, 
including facilities for direct recycling of the treated 
water; 
Ciil Reservoir and conjunctive sources operation; 
Cilil Water purification plant instrumentation and control; 
(iv) In-stream water quality sensors and monitoring networks. 
From a preliminary, and therefore somewhat superficial analysis of 
this arrangement of the water quality management problem, Figure 1 
indicates the dominant directions of the forces applied to each 
technical sector and the resulting reaction in terms of technolog- 
ical development. For example, the legal specification of uniform 
effluent standards, irrespective of any intended subsequent use/ 
reuse of the receiving water body, might tend to encourage wide- 
spread innovation of automation and computer control in the waste- 
water industry. Conversely, the use of in-steam water quality 
standards coupled with a consideration of both the river's self- 
purification capacity and the quality required for recreation or 
downstream supply, might accelerate the introduction of on-line 
stream quality monitoring and forecasting networks. If one wishes 
to draw any conclusion from Figure 1, then the following can be 
stated. The basic thrust of discharge standards would seem to be 
uni-directional, whereas the pressures exerted by stream standards 
are multi-directional with incentives for innovation more evenly 
distributed across the various technical sectors. 
A system which is forced to develop in one direction only may 
eventually turn out to be quite an inflexible arrangement, both at 
the planning and the operational stages of water quality management. 
In fact a rigid and rigorous system of effluent standards, since 
it focuses on this one technical sector, must inevitably place 
great emphasis on the reliable operation of wastewater treatment 
plants. A fallacy of depending exclusively upon the long-term 
planning  s t r a t e g y ,  i n  r e s p e c t  of  apply ing  e f f l u e n t  s t a n d a r d s ,  i s  
t h e r e f o r e  t h a t  t h e  d e s i r e d  o b j e c t i v e s  and s t a n d a r d s  may no t  be 
achieved o r  maintained because: 
(i) day-to-day p l a n t  o p e r a t i o n  i s  no t  adequate ;  and 
(ii) i n  s o l v i n g  t h e  des ign  problem t h e  subsequent  o p e r a t i n g  
problems of  t h e  given des ign  have been overlooked, 
And t h e r e  i s  evidence t h a t  t h i s  may indeed be so. A r e c e n t  evalua- 
t i o n  of o p e r a t i n g  performance a t  s e v e r a l  U S  wastewater t r ea tmen t  
p l a n t s  noted t h a t  some o f  t h e  h i g h e s t  ranking f a c t o r s  which l i m i t e d  
good performance concern p rocess  des ign ,  i n c l u d i n g  process  f l e x i -  
b i l i t y  and process  c o n t o l l a b i l i t y  (Hegg e t  a l ,  1978) .  
A l l  t h i s ,  of course ,  g r o s s l y  s i m p l i f i e s  t h e  s i t u a t i o n .  A background 
of  many o t h e r  compl ica t ing  a s p e c t s  of t h e  problem has t o  be s e t  
a g a i n s t  any tempta t ion  t o  draw f u r t h e r  premature conc lus ions .  ~t 
i s  n o t  obvious i n  which d i r e c t i o n s  t h e  " f o r c e s "  and " r e a c t i o n s "  
might a c t  i n  F igure  1 .  For i n s t a n c e ,  w e r e  w e  t o  assume a  d i f f e r e n t  
s t r a t e g y ,  say  one based upon i n d i v i d u a l ,  purpose-or iented* in-stream 
s t a n d a r d s ,  t h e  water  q u a l i t y  management programme would resemble 
much more c l o s e l y  a  s t r a t e g y  implied by t h e  Water Resources Board 
(1973):  "our approach t o  t h e  p lanning  of water  r e sources  develop- 
ment invo lves  making growing use o f  r i v e r s  f o r  moving water  t o  
p l a c e s  where it i s  needed". A s  w e  have s a i d ,  t h i s  would f o r c e  
t echno log ica l  innovat ion  i n  a  number of d i f f e r e n t  d i r e c t i o n s .  ~ u t  
though more f l e x i b l e ,  such a  s t r a t e g y  a l s o  has d isadvantages .  
Okun (1 977) a rgues  a g a i n s t  t h e  Water Resources Board s t r a t e g y  on t h e  
*Purpose he re  means r e c r e a t i o d a m e n i t y ,  municipal  re-use,  indus- 
t r i a l  re-use, wastewater conveyance, e t c ,  
grounds t h a t  it does n o t  pay s u f f i c i e n t  a t t e n t i o n  t o  t h e  problems 
o f  wa te r  q u a l i t y  management. I n  p a r t i c u l a r ,  p u b l i c  h e a l t h  a s p e c t s  
would demand t h a t  i n c r e a s e d  d i r e c t  a b s t r a c t i o n s  from p o l l u t e d  sources  
a r e  n o t  on ly  b a c t e r i o l o g i c a l l y  s a f e  b u t  w i l l  a l s o  n o t  induce r i s k s  
from long-term i n g e s t i o n  o f  ca rc inogen ic  and mutagenic s y n t h e t i c  
o r g a n i c  chemicals .  I n  Okun's op in ion ,  e l i m i n a t i o n  of  t h e s e  sub- 
s t a n c e s  a t  sou rce  i s  " h a r d l y  r e a l i s t i c " ;  moni tor ing  t h e i r  passage 
a long  t h e  water  c o u r s e  might be p o s s i b l e  i n  t h e  d i s t a n t  f u t u r e ;  and 
t h e r e f o r e  d u a l  supply  systems dese rve  e v a l u a t i o n ,  a l though  they  may 
n o t  be t h e  most f e a s i b l e  o r  t h e  most economic s o l u t i o n .  However, 
t h e r e  i s  more t o  t h e  c a s e  of  t h e  s lowly degradable  s y n t h e t i c  o rgan ic  
chemicals .  I f ,  a s  t h e  survey  by Cembrowicz e t  a 1  (1978) s a y s ,  t h e  
S t r e e t e r - P h e l p s  (1925) form of water  q u a l i t y  model c o n t i n u e s  t o  be 
wide ly  a p p l i e d  i n  wa te r  q u a l i t y  p lanning  s t u d i e s ,  it would s e e m  
t h a t  w e  a r e  i n t e n d i n g  t o  manage merely t h e  e a s i l y  degradable  o rgan ic  
p o r t i o n  of f u t u r e  was te  d i s c h a r g e s .  Perhaps h e r e ,  t h e n ,  t h e  merits 
of  a d a p t i v e  management and p lanning  should be recommended. 
Real-time o p e r a t i o n a l  c o n t r o l  may n o t  o f f e r  many c l u e s  t o  t h e  solu-  
t i o n  of  t h e  fo rego ing  problem; b u t  what of t h e  m a t t e r s  o f  a c c i d e n t a l  
s p i l l a g e s ,  p l a n t  f a i l u r e s ,  and s torm overf lows? Okun (1977) a n t i c -  
i p a t e s  t h a t  a  growing p r o p o r t i o n  of p o l l u t i o n  e v e n t s  w i l l  occur  
from a c c i d e n t s .  The a p p l i c a t i o n  of  mathematical  models f o r  on- l ine  
f o r e c a s t i n g  of  p o l l u t a n t  d i s p e r s i o n  emerges t h u s  a s  a  d i s t i n c t l y  
u s e f u l  p o s s i b i l i t y .  The key e lements  o f  " response  t o  a la rm condi- 
t i o n s "  a r e :  
(i) speed i n  e v a l u a t i o n  of management d e c i s i o n s ;  and 
(ii) f l e x i b i l i t y  of  o p e r a t i o n .  
W e  seek  a l s o ,  t h e r e f o r e ,  answers t o  q u e s t i o n s  about  how management 
s t r a t e g i e s  and t e c h n o l o g i c a l  i n n o v a t i o n  a f f e c t  t h e  f l e x i b i l i t y  o f  
o p e r a t i o n  i n  a  sys tem.  While he refers t o  " f l e x i b i l i t y "  i n  a  r a t h e r  
d i f f e r e n t  s e n s e ,  Marks (1975) cr i t ic i ses  t h e  US F e d e r a l  Water Q u a l i t y  
A c t  Amendments o f  1972 f o r  making management a l t e r n a t i v e s  less  
f l e x i b l e ,  which h e r e  would b e  a rgued  t o  be  u n d e s i r a b l e .  I n  c o n t r a s t ,  
d e  Luc ia  and Chi  (1978) s u g g e s t  t h a t  t h e  N a t i o n a l  Env i ronmenta l  
P o l i c y  A c t  and  US P u b l i c  Law 92-500 s h i f t  t h e  burden o f  p rov ing  non- 
damage o f  t h e  env i ronment  o n t o  t h e  r e s p o n s i b i l i t i e s  o f  t h e  i n d i v i d -  
u a l  d i s c h a r g e r s .  S i n c e  t h i s  i m p l i e s  a s t r o n g  i n c e n t i v e  f o r  d a t a  
c o l l e c t i o n  it may w e l l  t r a n s f e r  t h e  f o r c e s  of a n  e f f l u e n t  s t a n d a r d s  
s t r a t e g y  beyond t h e  w a s t e w a t e r  t r e a t m e n t  s e c t o r  a l o n e .  
Some i m p l i c a t i o n s  o f  s t a n d a r d - s e t t i n g ,  p u b l i c  h e a l t h ,  and f l e x i b i l i t y  
o f  o p e r a t i o n  have been b u t  b r i e f l y  c o n s i d e r e d .  L e t  u s  t u r n  now t o  
some d e t a i l s  o f  c o s t s .  Again Okun (1977) h a s  a  p e r t i n e n t  remark t o  
make. Speaking o f  w a s t e w a t e r  t r e a t m e n t  p l a n t  f a c i l i t i e s  and t h e  US 
s i t u a t i o n ,  h e  s a y s  " d e s i g n s  are promulgated  t h a t  commit f u n d s  t o  
h i g h e r  c a p i t a l  c o s t s  and l ower  o p e r a t i n g  c o s t s  because  o n l y  t h e  
l a t t e r  must be  m e t  e n t i r e l y  from l o c a l  f u n d s " .  I n  o t h e r  words it 
i s  p o s s i b l e  t h a t  c e r t a i n  f u n d i n g  programmes o f  a  water q u a l i t y  
management s t r a t e g y  c a n  f a v o u r  c o n s t r u c t i o n  of  t r e a t m e n t  p l a n t  f a -  
c i l i t i e s  and d i s c r i m i n a t e  a g a i n s t  improvement of  t h e i r  performance.  
Hence, t h e  d e s i r e d  f o r c e  f o r  i n n o v a t i v e  advances  i n  p l a n t  o p e r a t i o n  
and c o n t r o l  i s  a c t u a l l y  b e i n g  d i s s i p a t e d  i n  o t h e r  d i r e c t i o n s .  Okun's  
v iews a r e  conf i rmed  by t h e  r e p o r t  of  Hegg e t  a 1  (1978) who o b s e r v e  
t h a t  t h e  more f r e e l y  a v a i l a b l e  c o n s t r u c t i o n  g r a n t s  have  a t t r a c t e d  
commitments t o  u n d e s i r a b l e  p l a n t  d e s i g n  c o n f i g u r a t i o n s .  T h i s  i s  
h a r d l y  l i k e l y ,  as Hegg e t  a 1  a l s o  n o t e ,  t o  encourage  t h e  d e s i g n  
of  was t ewa te r  t r e a t m e n t  p l a n t s  which: 
(i) a r e  s u f f i c i e n t l y  f l e x i b l e  t o  a l l o w  subsequent  a d a p t a t i o n  
t o  d i f f e r e n t  modes of  o p e r a t i o n ;  
(ii) embody t h e  i n s t r u m e n t a t i o n  d e s i r a b l e  f o r  o p e r a t i o n a l  con- 
t r o l ;  
(iii) permi t  e v a l u a t i o n  of t h e  s i g n i f i c a n t  t r a d e - o f f s  t h a t  can 
e x i s t  between c a p i t a l  investment  and o p e r a t i n g  costs--a  
p r o p e r l y  c o n t r o l l e d  p l a n t  may reduce t h e  r e q u i r e d  des ign  
s i z e  of  t h e  f a c i l i t y ,  o r  it may d e f e r  subsequent  p l a n t  
expansion,  see f o r  example, Andrews (1978) .  
To be a  l i t t l e  i n d i s c r e e t ,  a  s t r o n g  v e s t e d  i n t e r e s t  i n  l a r g e  con- 
s t r u c t i o n  v e n t u r e s  may be counter -product ive  i n  terms of  b e t t e r  
wastewater  t r e a t m e n t  p l a n t  des igns .  
3 .  DATA AND PlODELS FOR REAL-TIME FlANAGEllENT 
~t i s  t h u s  n o t  a t  a l l  e a s y  t o  summarise t h e  opposing c u r r e n t s  of  
op in ion  about  water  q u a l i t y  management and t e c h n o l o g i c a l  innovat ion .  
~ u t  perhaps t h e  arguments in t roduced  a t  t h e  beginning o f  t h e  paper  
can now be r e s t a t e d .  F i r s t ,  it i s  impor tan t  t o  guard a g a i n s t  t h e  
promotion of i n f l e x i b l e  systems of  water  q u a l i t y  management. Ifany 
f a c t o r s  a s s o c i a t e d  wi th  des ign ,  w i t h  long-term p lann ing ,  and wi th  
c a p i t a l  inves tment  do n o t  encourage f l e x i b i l i t y  f o r  t h e  f u t u r e .  An 
a d a p t i v e  form of management i s  p r e f e r a b l e ;  a  form of  management t h a t  
can respond e a s i l y  t o  t h e  r i s k s  of shor t - te rm crisis, such a s  a c c i -  
d e n t a l  t o x i c  s p i l l a g e s ;  a  form of management t h a t  can respond e a s i l y  
t o  longer- term changes i n  q u a l i t y  problems and t o  i n n o v a t i v e  changes 
i n  management p r a c t i c e .  Thomann p u t  t h i s  same i d e a  r a t h e r  s u c c i n c t l y  
i n  1968 when he s a i d :  
"This  p r i n c i p l e  of dynamic water  q u a l i t y  management i s  
simply t h a t  one manages t h e  environment on a  more o r  less 
con t inuous  b a s i s  and n o t  on a s t a t i c ,  once e v e r y  decade 
b a s i s "  (Thomann e t  a l ,  1968) .  
And second ly ,  it is  argued  t h a t  one  o f  t h e  o p t i o n s  which may pre -  
s e r v e  f l e x i b i l i t y  o f  management, namely real-time f o r e c a s t i n g  and 
c o n t r o l ,  i s  n o t  u s u a l l y  found i n  t h e  r ange  of o p t i o n s  t o  be e v a l -  
u a t e d  i n  c u r r e n t  c o s t - b e n e f i t  a n a l y s e s .  T h i s  i s  n o t  s u r p r i s i n g ,  a s  
w e  s h a l l  see from t h e  f o l l o w i n g .  
3.1. The ~ a s t .  
The s e a r c h  f o r  p r e v i o u s  i n t e r e s t  i n  real-time o p e r a t i o n a l  c o n t r o l  of  
w a t e r  q u a l i t y  i s  a t a n t a l i s i n g  a f f a i r  o f  f i n d i n g  o b l i u u e  r e f e r e n c e s  
t o  t h e  s u b j e c t  i n  b r i e f  conc lud ing  s t a t e m e n t s  on long-term manage- 
ment p l a n s .  Th i s  e x c l u d e s ,  of  c o u r s e ,  t h e  work o f  Thomann a s  
quoted above. It  a l s o  e x c l u d e s  " f e a s i b i l i t y  s t u d i e s "  such  a s  t h o s e  
of  Ta r r a sov  e t  a 1  (1969) , Young and Beck ( 1  974) , Beck (1977a) , 
Whitehead (1978) ,  and Gourishankar  e t  a1 (1978) .  From t h e s e  l a t t e r  
w e  can  say  t h a t  much i s  p o s s i b l e  i n  p r i n c i p l e ;  however, it i s  o f  
g r e a t e r  i n t e r e s t  t o  f i n d  s t a t e m e n t s  about  what ought  t o  be  p o s s i b l e  
i n  p r a c t i c e  from a u t h o r s  who are n o t  c o n t r o l  e n g i n e e r s .  Some of  
t h e  less o b s c u r e  r e f e r e n c e s  t o  t h e  t o p i c  w e  s h a l l  now d i s c u s s .  
(a )  E s t u a r i n e  wa te r  q u a l i t y  f o r e c a s t i n g .  Thomann (1972) r e p o r t s  
a n  i n t e r e s t i n g  a p p l i c a t i o n  o f  a  dynamic model f o r  c h l o r i d e  d i s t r i -  
b u t i o n  i n  t h e  Delaware e s t u a r y .  During a  s e v e r e  d rough t  i n  1965 
t h e  s a l t  wa te r  " f r o n t "  i n  t h e  e s t u a r y  had moved c o n s i d e r a b l y  f u r -  
t h e r  upst ream t h a n  normal and t h u s  posed a  t h r e a t  t o  t h e  a b s t r a c t i o n  
a t  T o r r e s d a l e  which s u p p l i e s  t h e  c i t y  o f  P h i l a d e l p h i a .  The model 
was used once e v e r y  t h r e e  o r  f o u r  days  t o  make f o r e c a s t s  f o r  t h e  
coming t h i r t y - d a y  p e r i o d ;  a  number o f  mon i to r s  a t  v a r i o u s  l o c a t i o n s  
supp l i ed  c o n d u c t i v i t y  measurements w i t h  a  f requency of  a t  l e a s t  
more than  twice  p e r  day. 
(b) In-stream water  q u a l i t y  c o n t r o l .  A s  e a r l y  a s  t h e  mid-1960s 
a r t i f i c i a l  in-s t ream a e r a t i o n  d e v i c e s  w e r e  i n s t a l l e d  i n  an impounded 
s e c t i o n  o f  t h e  Ruhr River  i n  Germany (Imhoff and Alb rech t ,  1977) .  
The a e r a t i o n  d e v i c e s  w e r e ,  and s t i l l  a r e  ope ra t ed  by be ing  switched 
on o r  o f f  a t  p r e s c r i b e d  v a l u e s  f o r  d i s s o l v e d  oxygen concen t ra t ion  
when t h e s e  v a l u e s  a r e  recorded  on an a s s o c i a t e d  cont inuous  monitor .  
No mathematical  model o r  f o r e c a s t i n g  a lgo r i thm was r e q u i r e d ;  never- 
t h e l e s s ,  t h i s  i s  r ea l - t ime  c o n t r o l  i n  p r a c t i c e .  S i m i l a r  schemes 
f o r  a e r a t i o n  have a l s o  been t e s t e d  on t h e  Teltowkanal i n  B e r l i n  
(Leschber and Schumann, 1978).  H e r e ,  however, t h e r e  a r e  p l a n s  f o r  
an on-l ine model which i n  t h e  f u t u r e  would be employed n o t  o n l y  t o  
govern t h e  o p e r a t i o n  of  t h e  a e r a t i o n  u n i t s  bu t  a l s o  t o  co-ordinate  
t h e  o p e r a t i o n  of a  c o o l i n g  water  c i r c u i t  a t  a n  a d j a c e n t  power p l a n t .  
But wh i l e  it i s  u s e f u l  a s  a  measure f o r  c o n t r o l  a t  c r i t i c a l  t i m e s ,  
Imhoff and Alb rech t  (1977) conclude from an a n a l y s i s  o f  performance 
d u r i n g  1976 t h a t  a r t i f i c i a l  in-s t ream i s  no r e a l  s u b s t i t u t e  f o r  
e f f e c t i v e  secondary b i o l o g i c a l  wastewater t r ea tmen t .  
( c )  Water and wastewater  t r e a t m e n t  p l a n t  c o n t r o l .  This  b r i n g s  us  
t o  t h e  c u r r e n t  i n t e r e s t  i n  in s t rumen ta t ion  and automation of waste- 
water  t r ea tmen t  p l a n t s ,  which i s  impress ive  i n  i t s  scope,  see, f o r  
example, P rogres s  i n  Water Technology (1978) .  Consequently,  it i s  
imposs ib le  t o  c a p t u r e  i n  a  s i n g l e  paragraph t h e  e s sence  of t h i s  
i n t e r e s t .  I n s t e a d ,  t a k i n g  t h e  exper ience  of Andrews (1978) a s  a  
g u i d e l i n e ,  w e  n o t e  t h a t  t h e  use  of i n d i v i d u a l  c o n t r o l  l oops  f o r  t h e  
v a r i o u s  u n i t  p r o c e s s e s  i s  q u i t e  commonplace, b u t  t h a t  a n  i n t e g r a t e d  
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plant management strategy which takes into account all unit process 
interactions is not yet feasible. Suffice it to say, therefore, 
that some of the more advanced control applications are reported 
by Olsson and his co-workers in Sweden, e.g. Olsson and Hansson 
(1976) , Gillblad and Olsson (1 9781 . Interest in the instrumentation 
and automation of water purification plants is rather less well 
publicised; this may already reflect a trend in the response to 
legislation for water quality management. 
The confrontation between control engineering, "automation", "com- 
puterisation" , on the one hand, and wastewater treatment plant 
behaviour, on the other, is especially intriguing. As a major area 
of unit process operations, the nature of wastewater treatment is 
something of a challenge to the methods of conventional process 
control engineering. In section 3.2 we shall return to this point, 
and to the matter of whether automation and computerisation neces- 
sarily imply more efficient day-to-day management. 
(d) Water quality monitoring networks. In its brief report on 
the optimisation of water quality monitoring networks the World 
Health Organisation (W.H.O., 1977) makes some very pertinent re- 
marks on short-term operational management. For instance, data 
from the network would be required for "...ensuring the optimum 
control of water treatment and wastewater treatment plants...". 
Further, "an optimal monitoring network would ... be adaptable so as 
to take advantage of changes in technology" (emphasis added) and 
"mathematical modelling techniques should be exploited to the full 
in network design for operational and predictive purposes". Almost 
as if in anticipation of the FTHO's recommendations, a growing body 
o f  l i t e r a t u r e  on t h e  a p p l i c a t i o n  o f  s t a t i s t i c a l  e s t i m a t i o n  t e c h -  
n i q u e s *  t o  ne twork d e s i g n  c a n  b e  i d e n t i f i e d ,  e . g .  Moore ( 1  9 7 3 ) ,  
L e t t e n m a i e r  and Burges  (19771,  K i t a n i d i s  e t  a 1  ( 1 9 7 8 ) .  
( e )  H y d r o l o g i c a l  p r e c u r s o r s .  One c a n  obser .ve  i n  g e n e r a l  t h a t  f o r  
many a s p e c t s  o f  w a t e r  q u a l i t y  m o d e l l i n g ,  f o r e c a s t i n g ,  and  c o n t r o l  
a p r e c e d e n t  h a s  been  c r e a t e d  i n  t h e  more q u a n t i t a t i v e  areas of  hy- 
d r o l o g y .  There  i s  much t o  b e  g a i n e d ,  t h e r e f o r e ,  f rom a n  e x a m i n a t i o n  
o f  t h e  p o t e n t i a l ,  t h e  s u c c e s s e s ,  and t h e  f a i l u r e s  o f  o n - l i n e  hydro- 
l o g i c a l  s i m u l a t i o n .  I f  w e  t a k e  t h e  R i v e r  D e e  R e g u l a t i o n  Scheme i n  
t h e  UK as a n  example ,  Lambert  (1978)  summarises  t h r e e  y e a r ' s  o p e r -  
a t i n g  e x p e r i e n c e  w i t h  " . . . t h e  i n e s c a p a b l e  c o n c l u s i o n . . . t h a t  t h e  
p r a c t i c a l  o p e r a t i o n  o f  t h e  s y s t e m  demands t h e  u s e  o f  o n - l i n e  mathe- 
matical models" .  W e  may a l s o  n o t e  f rom t h i s  p r o j e c t  t h a t  a l l  impor- 
t a n t  i n v e s t m e n t  d e c i s i o n s  a re  s a i d  t o  depend f u n d a m e n t a l l y  upon t h e  
c h o i c e  of  model f o r  real-time s i m u l a t i o n  and t h a t  u l t i m a t e l y  r e l a -  
t i v e l y  s i m p l e  h y d r o l o g i c a l  models w e r e  found t o  b e  t h e  most  appro-  
p r i a t e  f o r  o n - l i n e  f o r e c a s t i n g .  I t  c a n  n o t ,  o f  c o u r s e ,  be proved  
t h a t  t h e  h i g h  c a p i t a l  c o s t s  o f  t h e  f o r e c a s t i n g  s y s t e m  a r e  j u s t i f i e d  
i n  t e r m s  o f  more e f f i c i e n t  o p e r a t i o n  (e.g.  lower  c o s t s  o f  f l o o d  
damage) .  The same would b e  t r u e  f o r  t h e  " a d v a n t a g e s "  o f f e r e d  by 
real-time f o r e c a s t i n g  and c o n t r o l  o f  water q u a l i t y .  However, if 
w e  suppose  t h a t  f l o o d  damage p r e v e n t i o n  and d r o u g h t  a l l e v i a t i o n  are 
more o b v i o u s  t a r g e t s  f o r  c a p i t a l  i n v e s t m e n t  i n  m o n i t o r i n g  n e t w o r k s ,  
t h e  i n c r e m e n t a l  c o s t s  o f  a d d i n g  w a t e r  q u a l i t y  i n s t r u m e n t a t i o n  t o  
s u c h  e x i s t i n g  i n s t a l l a t i o n s  o u g h t  n o t  t o  b e  p r o h i b i t i v e l y  l a r g e .  
*Techniques  which w i l l  b e  d i s c u s s e d  i n  more d e t a i l  below. 
3.2. Towards the future. 
Past experience shows that some isolated attempts at and examples 
of real-time forecasting and control of water quality do exist; 
there are even indications of plans to augment research and develop- 
ment activities in this direction. Pquch, however, remains to be 
accomplished. Our purpose in this section is to offer a speculation 
on the future of mathematical modelling and related techniques in 
day-to-day, short-term water quality management. So we shall neither 
discuss matters of hardware development, e. g. sensors and micropro- 
cessors, nor discuss pricing, taxation, or standard-setting mecha- 
nisms as instruments of a management policy. Nor do we consider 
those forms of institutional arrangements that would facilitate the 
implementation of such proposals, though an underlying integrated 
approach to river basin management is clearly implied. Of primary 
interest are answers to the question: what would be possible if 
it were desirable? One can think of the answers as dealing with the 
retrieval, processing, and restructuring of measured information. 
(a) Further model development and model calibration. Let us take 
as a premise the fact that river water quality is never in a steady- 
state situation nor can its behaviour be completely determined. The 
system is therefore intrinsically dynamic and uncertain. Any models 
that are to be developed must at least be accommodated with this 
premise, although that would not preclude simplifying assumptions. 
If the current use of models for management, both short-term and 
long-term, is to be criticised in any way, then firstly it would be 
because many such models do not consider the problem of uncertainty. 
There is uncertainty in the present state of water quality in a river 
basin, uncertainty in the estimates of the model parameters (coef- 
ficients), and uncertainty in the future disturbances of the system. 
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Secondly ,  i n  t h e  p a s t  t h e r e  h a s  been a d i s t i n c t  l a c k  o f  o v e r l a p  be- 
tween models d e s c r i b i n g  t h o s e  wa te r  q u a l i t y  c h a r a c t e r i s t i c s  which 
a r e  a f f e c t e d  by w a s t e  d i s p o s a l  and models d e s c r i b i n g  t h o s e  wa te r  
q u a l i t y  c h a r a c t e r i s t i c s  which i n  t u r n  a f f e c t  t h e  s u i t a b i l i t y  o f  
r i v e r  w a t e r  f o r  i n d u s t r i a l  and  domes t ic  consumption.  A c l a s s i c  
example i s  t h e  c a s e  o f  d i s s o l v e d  oxygen c o n c e n t r a t i o n ,  s o  o f t e n  
quo t ed  a s  t h e  c e n t r a l  i ndex  o f  w a t e r  q u a l i t y  w i t h  r e s p e c t  t o  e f f l u e n t  
d i s p o s a l ,  y e t  a  v a r i a b l e  which i s  n o t  i n  i t s e l f  a v i t a l l y  impor t an t  
c h a r a c t e r i s t i c  f o r  e s t a b l i s h i n g  whether  r i v e r  w a t e r  i s  f i t  f o r  con- 
sumption.  T h i s  absence  o f  " l i n k a g e "  would impose s e v e r e  c o n s t r a i n t s  
on t h e  u s e  o f  models i n  t h e  day-to-day management o f  i n t e n s i v e l y  
used  w a t e r  r e s o u r c e  sys tems .  
Model c a l i b r a t i o n  may be d e f i n e d  as t h e  p r o c e s s  o f  e s t i i n a t i n g  t h e  
model pa r ame te r s  and o f  v e r i f y i n g  t h e  performance o f  t h e  model--as 
an  approx imat ion  o f  r ea l i t y - -by  r e f e r e n c e  t o  a set  o f  f i e l d  d a t a .  
For dynamic model c a l i b r a t i o n  t h e  demands f o r  s u i t a b l e  f i e l d  d a t a  
a r e  undoubtedly  heavy,  as i l l u s t r a t e d  i n  two r e c e n t  examples ,  Beck 
and Young (1 976) , Whitehead (1  978) . Usua l ly  t h e  f i e l d  d a t a  a r e  
r e q u i r e d  i n  t h e  form o f  time-series w i t h  a  sampl ing f r equency  o f  a t  
l e a s t  once  p e r  day;  and shou ld  d i u r n a l  v a r i a t i o n s  be i m p o r t a n t  f o r  
s o l v i n g  t h e  g iven  problem, t h e n  t h e  sampling f r equency  would have 
t o  be i n c r e a s e d  t o  a  minimum o f  s i x  t i m e s  pe r  day. A t  p r e s e n t ,  e v i -  
dence  o f  e x h a u s t i v e  dynamic model c a l i b r a t i o n  i s  s c a r c e ,  p a r t l y  be- 
c a u s e  t h e  d a t a  a r e  r e q u i r e d  a t  such  a r e l a t i v e l y  h i g h  f r equency  and 
p a r t l y  because  i n  t h e  absence  o f  s p e c i a l i s e d  expe r imen t s  it is  n o t  
an  e a s y  m a t t e r  t o  c a l i b r a t e  models under  "normal o p e r a t i n q  condi- 
t i o n s " ,  see f o r  example Beck ( 1  976) . I!cwever, a t e chn ique  for  n1cldc.1 
c a l i b r a t i o n  t h a t  pe r fo rms  w e l l  under  t h e s e  "normal o p e r a t i n g  
c o n d i t i o n s "  w i l l  b e  e q u a l l y  w e l l  matched w i t h  t h e  k ind  o f  r e c o r d s  
l i k e l y  t o  b e  g e n e r a t e d  by o n - l i n e  w a t e r  q u a l i t y  m o n i t o r i n g  ne tworks .  
( b )  E s t i m a t i o n  and  f o r e c a s t i n g .  W e  a r e  now e n t e r i n g  t h e  domain of  
models a s  a i d s  t o  o p e r a t i o n a l  dec i s ion-making .  E s t i m a t i o n  and f o r e -  
c a s t i n g  r e f e r  t h u s  t o  t h e  u s e  o f  models  f o r  e s t i m a t i n g  t h e  p r e s e n t  
and ( s h o r t - t e r m )  f u t u r e  s t a t e  o f  r i v e r  w a t e r  q u a l i t y  a t  a  number of  
f i x e d  s p a t i a l  l o c a t i o n s .  There  a r e  t w o  a s p e c t s  o f  t h e  problem o f  
p a r t i c u l a r  i n t e r e s t :  
(i) t h e  p r e d i c t i o n  o f  f u t u r e  e v e n t s ,  such  a s  s t o rm  runof f  
e n t e r i n g  a  t r e a t m e n t  p l a n t ;  and 
(ii) t h e  r e c o n s t r u c t i o n  of  i n f o r m a t i o n  a b o u t  v a r i a b l e s  which 
are n o t  d i r e c t l y  measured by o n - l i n e  s e n s o r s .  
I t  i s  i n  f a c t  d i f f i c u l t  t o  t a l k  a b o u t  e s t i m a t i o n  and f o r e c a s t i n g  
y e t  a v o i d  ment ion  o f  t h e  Kalman f i l t e r i n g  t e c h n i q u e  (see, f o r  
example,  Ge lb ,  1974 ) :  a  r e c u r s i v e  a lgor i th r r ,  i d e a l l y  s u i t e d  t o  d i g -  
i t a l  c o mpu ta t i on  and a n  a l g o r i t h m  which h a s  come t o  e n j o y  a l m o s t  
unbounded p o p u l a r i t y  (see, f o r  example ,  Ch iu ,  1 9 7 8 ) .  The p o t e n t i a l  
of t h i s  a l g o r i t h m  merits b r i e f  c o n s i d e r a t i o n .  
There  a r e  many ways I n  which t o  p r e s e n t  t h e  c o n c e p t s  o f  t h e  f i l t e r .  
F i g u r e  2 p r o v i d e s  a n  o u t l i n e  o f  some o f  i t s  b a s i c  f e a t u r e s  which 
a r e  a p p r o p r i a t e  t o  t h i s  d i s c u s s i o n .  ( H e r e  we have c a l l e d  t h e  f i l t e r  
a n  ex tended  Kalman f i l t e r  which mere ly  d e n o t e s  t h a t  n o n l i n e a r  models  
may 5e t r e a t e d  w i t h  t h i s  method) .  Suppose ,  f o r  t h e  s a k e  o f  i l l u s -  
t r a t i o n ,  t h a t  " r e a l i t y "  i s  a  r e a c h  o f  r i v e r .  The f i l t e r  embodies 
a  model o f  r e a l i t y :  g i v e n  t h e  measured i n f o r m a t i o n  on t h e  i n p u t  
(ups t ream)  c o n d i t i o n s ,  t h e  model s i m u l a t e s ,  o r  p r e d i c t s ,  t h e  corrcs- 
ponding changes  i n  t h e  o u t p u t  (downstream) c o n d i t i o n s .  The 
predictions are compared with the measured output information and 
then corrected--in the block labelled "estimation algorithmsw--to 
yield newly revised estimates of the state of water quality ( and 
-m 
) for the computations of the next time-period. Reality, not 
-u 
surprisingly, is subject to unknown, random disturbances, and all 
measured information is subject to errors of measurement. The fil- 
ter may account for this by the respective levels of uncertainty 
(error) assigned to the model, as an approximation of reality, to 
the input disturbances, and to the errors of observation. These 
levels of uncertainty will influence the performance of the estima- 
tion algorithms and are in turn translated into estimates of the 
inevitable errors of prediction about the present and future be- 
haviour of reality. 
Now let us look at the filter from the point of view of an informa- 
tion processing mechanism. We note from Figure 2 that the informa- 
tion passed to the filter comprises the input/output measurements. 
The information derived from the filter consists of statistically 
based estimates of the state of the system and, if so desired, esti- 
mates of the parameters ( 1  appearing in the filter's model of real- 
ity. The term "filter" lends an intuitive feeling to what is happen- 
ing: the filter behaves so as to discriminate against the unwanted, 
but ever-present, effects of noise in the measured information. 
However, it must be acknowledged in all humility that the originator 
of the device would discourage such an interpretation (Kalman, 1978). 
Were we to require predictions of the future, the filter could be 
run in an "open-loop" fashion without the feedback of measured in- 
formation on the state of the system. It would in this case, never- 
theless, be necessary to provide the filter with assumptions (or 
predictions) about the short-term future input disturbances of the 
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system. ~lternatively, the filtek may be employed to reconstruct 
on-line estimates of water quality variables (x  in Figure 2) which 
-u 
are not readily measured by on-line sensors; this is known as state 
reconstruction. And in a more general sense, since it can revise 
the estimates of its model parameter values, the filter can be ap- 
plied in an adaptive or learning mode. In other words, the algo- 
rithm combines the operations of model cakibration and forecasting. 
A number of closely related companion algorithms of recursive esti- 
mation are available, e. g. Young (1 974) , and in addition there exist 
simple techniques of adaptive prediction (Holst, 1977). The details 
of these methods and of the filter need concern us no further, ~ u t  
what might be the potential applications of such techniques? There 
are several to which we can already point. 
(i) In his introduction to the use of mathematical models in the 
Bedford-Ouse Study (Anglian Water Authority, 1 97 7) Newsome 
suggests that "Authorities would...welcome a reliable forecast 
of the likely variation of water quality at the [supply] in- 
take on an hourly basis, notwithstanding the fact that there 
is probably bankside storage to buffer such variationsw 
(Newsome, 1977). With respect to accidental upstream pollution 
a simple adaptive estimator of pollutant dispersion and time- 
of-travel would appear to be particularly attractive if it 
could be based upon easily available measurements such as 
regular observations of conductivity (Beck, 1978a). 
(ii) ~n a3aptive predictor has been proposed for real-time (hourly) 
forecasting of influent sewage discharges to a wastewater treat- 
ment plant (Beck, 1977b). For this case the adaptive nature 
of the predictor is directed towards the fact that storm 
conditions significantly alter the input/output dynamic be- 
haviour of the sewer network. 
(iii) Schrader and Moore (1977) report the application of a Kalman 
filter to a short-term in-stream temperature forecasting prob- 
lem associated with power plant cooling water circuit opera- 
tion when discharges are subject to temperature constraints. 
(iv) The Kalman filter has also been employed as a state recon- 
structor for providing operational information on nitrifying 
bacteria concentrations during activated sludge treatment of 
wastewater (Beck et al, 1978). A similar use of the algorithm 
would be involved for estimating variations of non-point pol- 
lutant loadings along a stretch of river. 
So to smarise, the future value of these techniques will lie in 
the balance between their considerable potential benefits and the 
difficulties that one can anticipate in their practical application. 
(c) Management and control. The adaptive predictor mentioned above 
actually has its origins in an earlier self-tuning, or adaptive reg- 
ulator (Astr6m and Wittenmark, 1973) . The adaptive controller, as 
one would expect, attempts to combine the calibration and control 
functions. It can do this in several ways, including one whereby 
the input control action is formulated in a manner which simulta- 
neously probes, i.e. experiments with, the behaviour of the process 
under control--a kind of trial and error operating experience. Thus 
the adaptive controller can be quite sophisticated, but not so so- 
phisticated that it is not amenable to micro-processor realisations, 
see for example Clarke et a1 (1975). Among a number of areas of 
application Marsili-Libelli (1978) has examined the feasibility of 
a self-tuning controller for a clarification unit with chemical 
f l o c c u l a n t  a d d i t i o n  i n  a  mun ic ipa l  w a t e r  p u r i f i c a t i o n  p l a n t .  
F u r t h e r  d i s c u s s i o n  o f  d e s i g n s  f o r  a u t o m a t i c  c o n t r o l l e r s ,  however, 
would m i s s  t h e  p r imary  pu rpose  of  t h i s  s e c t i o n .  Ra the r  it i s  ques-  
t i o n s  abou t  t h e  n a t u r e  o f  t h e  c o n t r o l  and management a c t i v i t y  it- 
s e l f  which a r e  o f  g r e a t e r  r e l e v a n c e .  The s e l f - t u n i n g  c o n t r o l l e r  i s  
b u t  one among many methods of c o n t r o l  sys tem d e s i g n ,  a l l  o f  which 
s t r o n g l y  depend upon t h e  f o l l o w i n g  f a c t o r s  f o r  t h e i r  s u c c e s s  i n  
p r a c t i c e :  
(i) A v a l i d  and a c c u r a t e  model o f  p r o c e s s  dynamic behav iou r ;  
(ii) The a v a i l a b i l i t y  o f  a  r e l i a b l e ,  r o b u s t  i n s t r u m e n t a t i o n  
f o r  t h e  r a p i d  c o l l e c t i o n  o f  i n f o r m a t i o n  a b o u t  a c t u a l  pro-  
cess performance;  
(iii) F o r  t h e  c a s e  o f  mass t r a n s f e r  p r o c e s s e s ,  t h e  ( p h y s i c a l )  
c a p a c i t y  t o  s t o r e  f l ows  and s u b s t a n c e  masses;  
( i v )  The a b i l i t y  t o  s p e c i f y  c l e a r ,  p r e c i s e ,  unambiguous pro- 
c e s s  pe r fo rmance  o b j e c t i v e s .  
Because each  o f  t h e  above c a n n o t  be t a k e n  c o m p l e t e l y  f o r  g r a n t e d ,  
it h a s  been argued e l s ewhe re  (Beck, 1978a, Beck, 1978b, Beck e t  a l l  
1978) t h a t  r e a l - t i m e  c o n t r o l  o f  w a t e r  q u a l i t y  demands approaches  
which may d i f f e r  from t h o s e  o f  c o n v e n t i o n a l  c o n t r o l  sys tem d e s i g n  
p rocedu re s .  W e  s h a l l  n o t  r e p e a t  t h o s e  arguments  h e r e ,  e x c e p t  t o  
pose  t h e  key q u e s t i o n :  
Should au toma t ion ,  c o m p u t e r i s a t i o n ,  and c o n t r o l  a lways  
s eek  t o  e l i m i n a t e  t h e  human e lement  from t h e  c o n t r o l  
loop?  
One p o i n t  abou t  t h i s  q u e s t i o n  d e s e r v e s  s p e c i a l  mention f o r  it b r i n g s  
u s  t o  a  s u b t l e  d i f f e r e n c e  between "au tomat ion"  and " c o n t r o l " .  
Automation i s  unders tood  a s  t h e  au tomat ion  o f  i n f o r m a t i o n  r e t r i e v a l  
and communication and the automation of implementing control actions. 
Control is interpreted as the use of information retrieved for the 
determination of the control actions to be implemented. And in this 
latter context of control our answer to the question would be that 
the human element should - not be removed from the control loop. 
For the future, therefore, we may visualise mathematical models and 
on-line forecasting procedures as a kind of support service for day- 
to-day operational management of water quality. That is to say, the 
models may be used for rapid evaluation of the short-term conse- 
quences of operational management decisions. Yet there is more to 
the "human element in the control loop" than that. As Hegg et a1 
( 1 9 7 8 )  note in their assessment of factors limiting wastewater treat- 
ment plant performance: 
"The highest ranking factor contributing to poor plant per- 
formance was operator application of concepts and testing 
to process control." 
"....present plant personnel are an untapped source for 
achieving improved performance." 
And this is precisely the motivation behind the studies reported in 
Beck et a1 ( 1 9 7 8 ) .  What is really required is first a mechanism for 
formalising the continuously accumulating trial and error experience 
of the management function and second a calculus for carrying out 
manipulations with a set of such control rules. The suggestion is, 
therefore, that an approach rejoicing in the name of "fuzzy control" 
(see, for example, Tong, 1 9 7 7 )  may well have a vital role to play 
in real-time water quality management. The human element is not 
necessarily to be supplanted in this control process: mathematical 
models and a formalised d i s t . i l l a t e  o f  past expe r i . cbn re  arr? p ~ r h ; l l ) n  
best employed as aids to decision-making on a day-today basis. 
4. CONCLUSIONS 
This paper has argued a case in favour of recognising the problems 
of operating river water quality management schemes. Management 
literally does not consist only of building for a better future; 
what has been built also has to be operated effectively. Solutions 
to the design, long-term planning, and capital investment aspects 
of management ought ideally to strive for integrated flexible strat- 
egies of river pollution control. Among the range of options that 
could preserve flexibility of management, it is further argued 
that real-time forecasting and control of water quality deserves 
special attention. It is not suggested that real-time operating 
policies are a panacea for water quality management, but neither 
should they be ignored for the reason that they are not practical 
at present. 
Andrews, J.F. (1978), "Dynamics and Control of Wastewater Treatment 
Plants", in Sherrard, J.H. (ed.) Fundamental Research Meeds for 
Water and Wastewater Treatment Systems, Proc. National Science 
Foundation/~ssociation of Environmental Engineering Professors 
Workshop, ~rlington, ~irginia (Dec., 1977), pp. 83-92. 
Anglian Water Authority (1977), "The Bedford Ouse Study - Symposium 
Proceedings", Anglian Water Authority, Huntingdon, England. 
Astrgm, K. J., and B. Wittenmark (1 973) , "On Self-tuning Regulators", 
Automatica, - 9, pp. 185-199. 
Beck, M.B. (1976), "Identification and Parameter Estimation of Bio- 
logical Process Models", in Vansteenkiste, G. C. (ed. ) System 
Simulation in Water Resources, Amsterdam: North-Holland, 
pp. 19-43. 
Beck, M.B. (1977a), "Forecasting and Control of Water Quality", 
Technical Report CUED/F-CAlIS/TR15 9, University Engineering 
Bpartment, Cambridge. 
Beck, M.B. (1977b), "The ~dentification and ~daptive Prediction of 
Urban Sewer Flows", Int. J. Control, - 25, pp. 425-440. 
Beck, M.B. (1978a), "Real-time Control of Water Quality and Quantity", 
- 
Research Memorandum RM-78-19, International Institute for 
Applied Systems Analysis, Laxenburg, Austria. 
Beck, M.B. (1978b), "Critical Assessment of Present-day Attitudes 
Towards Control Systems in Water and Wastewater Management", 
Progress in Wat. Techn., - 9, Nos. 5/6, pp. 13-15. 
Beck, M.B., and P.C. Young (1976), "Systematic Identification of 
DO-BOD Model structure", Proc. Am. Soc. Civ. Engrs., J. Env. 
Eng. Div., 102, EE5, pp. 909-927. 
Beck, M.B., A. Latten, and R.M. Tong (1978), "llodelling and Opera- 
tional Control of the Activated Sludge Process of Wastewater 
Treatment", Professional Paper PP-78-010, International 
Institute for Applied Systems Analysis, Laxenburg, Austria. 
Cembrowicz, R.G., H.H. Hahn, E.J. Plate, and G.A. Schultz (1978), 
"Aspects of Present Hydrological and Water Quality Modelling", 
Ecol. Fodelling, - 5, pp. 39-66. 
Chiu, C-L. (ed.) (1978), "Applications of Kalman Filter to Hydrology, 
Hydraulics, and Water Resources", Pittsburgh: Stochastic 
Hydraulics Program, University of Pittsburgh. 
Clarke, D.W., J.N. Cope, and P.J. Gawthrop (1975), "Feasibility 
Study of the Application of Microprocessors to Self-tuning 
Controllers", Report 1137/75, Department of Engineering Science, 
Oxford University. 
Davies, T. T., and V. R. Losanskiy (eds. ) , "American-Soviet Symposium 
on Use of Mathematical Models to Optimize Water Quality 
Management", Report No. EPA-600/9-78-024, US Environmental 
Protection Agency. 
Deininger, R.A. (ed)(1975), "Systems Analysis for Water Quality 
Management", Proc. WHO Seminar, Budapest (Feb. 1975), Ann Arbor: 
School. of Public Health, University of Michigan. 
DeLucia, R.J., and T. Chi (1978), "Water Ouality Management Plodels: 
Specific Cases and Some Broader Observations", in Davies and 
Lozanskiy (1978), pp. 92-126. 
Gelb, A. (ed. ) (1 974) , "Applied Optimal Estimaqtionl', Cambridge: llIT 
Press. 
Gillblad, T., and G. Olsson (1978), "Computer Control of a Medium 
Sized Activated Sludge Plant", Progress in Wat. Techn., - 9, 
Nos. 5/6. 
Gourishankar, V., and M.A. Lawal 1 9 7 ,  " A  Digital Water Ouality 
Cont.rollalr For Pol l u t ~ d  ::i:.rr?a~ns", Tnt. .- ,T. .- .~~ S .Y_ stems -. -. Sci. -.. 9 ,  
1 1 1 ) .  R99-9 1 0 .  
Hegg, R.A., K.L. Rakness, and J. R. Schultz (1 978) , "Evaluation of 
Operation and Maintenance Factors Limiting Municipal Wastewater 
T;eatment Plant Performancew, J. Wat. ~oliut. Contr. Fed., 50, 
- 
pp. 419-426. 
~olst, J. (1 977) , "~daptive Prediction and Recursive Estimation", 
keport LUTFD~/ (TFRT-1 01 3) /1-206/ (1 9771, Department of ~ u t ~ ~ a ~ i ~  
Control, Lund Institute of Technology, Sweden. 
Imhoff , K. R., and D. Albrecht (1 978) , "Instream Aeration in the Ruhr 
River", Progress in Wat. Techn., - 10, Nos. 3/4. 
Kalman, R.E. (1978), "A ~etrospective After Twenty Years: From the 
Pure to the Applied", in Chiu (1978), pp. 31-54. 
Kitanidis, P., C.S. Queiroz, and D. Veneziano (1978), "Sampling 
Networks for Violation of Water Quality Standards", in Chiu 
(1978), pp. 213-229. 
Lambert, A.O. ( 1978) , "The River Dee Regulation Scheme: Operational 
Experience of On-line Hydrological Simulation", Preprint IIASA/ 
WHO/IBM Symposium on Logistics and ~enefits of Using Mathema- 
tical Models of ~ydrological and Water Resource Systems, Pisa, 
Italy (Oct. 1978). 
Leschber, R., and H. Schumann (1978), "Progress of Automated Water 
Quality Monitoring in Berlin", Progress in Wat. Techn. - 9, 
Nos. 5/6. 
Lettenmaier, D.P., and S.J. Burges (19771, "Design of Trend Pqonitor- 
ing Networks", Proc. Am. Soc. Civ. Engrs., J. Env. Eng. Div., 
103, EE5, pp. 785-802. 
- 
~oucks, D.P. (1978), "Planning Comprehensive Water Quality Protec- 
tion Systems", in Davies and Lozanskiy (1978), pp. 1-35. 
Marks, D.H. (1975), "Systems Analysis Applications in Water Quality 
Management for the Delaware Estuary", in Deininger (1 975) , 
pp. 257-287. 
~arsili-Libelli, S. (1978), "Self-tuninq Control of a Clarification 
- -. 
Process", in ~ansteenkiste, G.C. ~ed. ) Modelling of Land, Air, 
and Water Resources Systems, Amsterdam: North-Holland (in 
press]. 
Moore, S.F. (1973), "~stimation Theory Applications to Design of 
Water Quality Monitoring Systems", Proc. ~ m .  SOC. Civ. Engrs., 
J. Hydr. Div., - 99, HY5, pp. 815-831. 
Newsome, D.H. (1977), "Water Quality Models: Their Uses and Abuses", 
in Anglian Water ~uthority (1977), pp. 3-8. 
Okun, D.A. (1977\, "Regionalization of Water Management - A Revolu- 
tion in England and Wales", London: Applied Science. 
Olsson, G., and 0. Hansson (19761, "Stochastic Elodelling and Computer 
Control of a Full-scale Wastewater Treatment Plant", in Pro=. 
Institute of Measurement and Control Symposium on Systems and 
Models in Air and Water Pollution, London (Aug. 1976). 
P r o g r e s s  i n  Water Technology C3978) Val. 9,  NOS 5/6., ( P r o c .  of 
IAWPR Workshop o n  I n s t r u m e n t a t i o n  and C o n t r o l  f o r  Water  a n d  
Wastewater T r e a t m e n t  and T r a n s p o r t  Sys tems ,  London/Stockholm, 
May, 1 9 7 7 ) .  
S c h r a d e r ,  B.P., and  S.F. Moore ( 1 9 7 7 ) ,  "Kalman F i l t e r i n g  i n  Water 
Q u a l i t y  l lode l ing :  Theory  vs .  P r a c t i c e " ,  i n  H.  J .  Hiqhland , 
R.G. S a r g e n t ,  and J . W .  Schmidt  ( e d s . )  1977 W i n t e r  S i m u l a t i o n  
Confe rence ,  Vol. 2 ,  pp. 504-510. 
S p o f f o r d ,  w . O . ,  C.S. R u s s e l l  I and R.A. K e l l y  ( 1  9 7 6 ) ,  "Env i ronmenta l  
Q u a l i t y  Management - An A p p l i c a t i o n  t o  t h e  Lower D e l a w a r e  
V a l l e y " ,  Resources  f o r  t h e  F u t u r e  Resea rch  P a p e r  R-1, 
Washington D. C. 
S t r e e t e r ,  H . W . ,  and  E.B. P h e l p s  (19251,  "A S t u d y  o f  t h e  P o l l u t i o n  
and N a t u r a l  P u r i f i c a t i o n  o f  t h e  Ohio R i v e r " ,  B u l l e t i n  No. 146,  
US P u b l i c  H e a l t h  S e r v i c e ,  Washington D.C.  
T a r r a s o v ,  V . J . ,  H . J .  P e r l i s ,  and  B. Davidson ( 1 9 6 9 ) ,  " O p t i m i z a t i o n  
o f  a C l a s s  o f  River A e r a t i o n  Problems by t h e  U s e  o f  M u l t i v a r i -  
a b l e  D i s t r i b u t e d  P a r a m e t e r  C o n t r o l  Theory" ,  Water R e s o u r c e s  R e s .  
5 ,  pp. 563-573. 
- 
Thomann, R .V. ,  D. J. 0' Connor, and D.M. D i  Toro (1 965) , "The Manage- 
ment of Time V a r i a b l e  S t ream and E s t u a r i n e  Sys tems" ,  Chemical  
Engineering, - 64,  YO 90,  pp .  21-31. 
Thomann, R. V. ( 1972) , "Systems ~ n a l y s i s  and Water Q u a l i t y  Manage- 
ment",  New York: Env i ronmenta l  Repearch and  A p p l i c a t i o n s .  
-
Tong, R.M. (1  977) , "A C o n t r o l  ~ n g i n e e r i n g  Rc~r iew o f  Fuzzy Systems" ,  
Automat ica ,  13 ,  pp. 559-569. 
-
Warn, A.E. ( 1 9 7 8 ) ,  "The T r e n t  Mathemat ica l  Elodel", i n  A. James ( e d . )  
p at he ma tical Models i n  Water P o l l u t i o n . C o n t r 0 1 ,  ~ h i c h e s t e r :  
Wiley ,  pp. 355-375. 
Water Resources  Board ( 1 9 7 3 ) ,  "Water Resources  i n  England and Wales", 
W.R.B. P u b l i c a t i o n  N o .  22,  London: HMSO. 
World H e a l t h  O r g a n i z a t i o n  ( 1 9 7 7 ) ,  "The O p t i m i z a t i o n  o f  Water Q u a l i t y  
M o n i t o r i n g  Ne tworksn ,  R e p o r t  ICP/CEP 212,  Copenhagen: WHO. 
Whitehead,  P.G. ( 1 9 7 8 ) ,  "Mode l l ing  and O p e r a t i o n a l  C o n t r o l  o f  Water 
Q u a l i t y  i n  R i v e r  Sys tems" ,  W a t .  R e s . ,  12,  pp. 377-384. 
-
Young, P.C. ( 1 9 7 4 ) ,  "A R e c u r s i v e  Approach t o  T ime-se r i e s  A n a l y s i s " ,  
B u l l .  I n s t .  Math. A p p l i c n . ,  10 ,  pp. 209-224. 
-
Y ~ u n g ,  P .c . ,  and M.B. Beck ( 1 9 7 4 ) ,  "The Mode l l ing  and C o n t r o l  o f  
Water Q u a l i t y  i n  a R i v e r  System",  Automat ica ,  1 0 ,  pp.  455-468. 
- -
ZumBrtlnnen, C .  ( 7 8 )  , "Geographic-economic A s p e c t s  of E'ol l u t i o n  








F i g u r e  1 .  Water  q u a l i t y  management:  t h e  f o r c e s  a c t i n g  
upon d i f f e r e n t  t e c h n i c a l  s e c t o r s  and t h e  
r e q u i r e m e n t s  f o r  d i f f e r e n t  k i n d s  o f  t e c h n o l o g i c a l  






F i g u r e  2 .  The ( ex t e n ded )  Kalman F i l t e r ,  an a l g o r i t h m  f o r  
e s t i m a t i o n  and f o r e c a s t i n g ;  2 2 , and Ci a r e  
-m'  
r e s p e c t i v e l y  e s t i m a t e s  of t h e  rneagured s t a t e  
v a r i a b l e s ,  t h e  unmeasured s t a t e  v a r i a b l e s  and 
t h e  model pa r ame te r s .  




I "REALITY"  
MEASURED 
STATES X 
MEASURED OUTPUTS 5 
. 










RESPECTIVE L E V E L S  O F  1 
U N C E R T A I N T Y  ( E R R O R )  
I N  T H E  M O D E L ,  T H E  
DISTURBANCES. A N D  T H E  
I 
MEASUREMENTS. I 
A - STATES X 
-u 
I 
---- ------- - ------- 
(EXTENDED) K A L M A N  FILTER 
I 
I 










I d -  - 











I I I I - - - - - - - - - - -  
